Experimental
Introduction
Metal and metal oxide nanostructures are currently attracting considerable research interest in many fields, such as biomedical, optical, electrochemical and electronics. [1] [2] [3] [4] [5] [6] This is due to the high surface area, and also unique size-dependent properties of these materials, such as quantum confinement, plasmon resonance, and superparamagnetism.
Specifically, the nanostructured materials can represent excellent electronic conductivity as well as catalytic and electrocatalytic properties, which cause acceleration of electron transfer between the electrode surface and the redox species. In this regards, a variety of nanostructured nickel-based materials with different morphologies, such as nanowires, nanorods, nanotubes, nanowhiskers, and nanoparticles, have been successfully synthesized. [7] [8] [9] [10] [11] [12] In particular, the design and fabrication of nanoporous (including microporous, mesoporous and macroporous materials) nickel-based materials have attracted considerable attention in recent years. [13] [14] [15] [16] [17] Micro-and nanoemulsions as new micro-reactors have been widely used in the production of metallic nanoparticles, semiconductor, metal oxides and nanometer-scale magnetic particles. [18] [19] [20] [21] Water-in-oil microemulsions comprise oil and aqueous phases as well as a surfactant in which the polar group of the surfactant is concentrated in the interior, and the lipophilic group extends outwards into the nonpolar solvent. These reverse micelles are heterogeneous on a molecular scale and are thermodynamically stable. The chemical reaction in these micro-and nanoemulsions occurs at the oil/water interface, and hence the microemulsions are suitable reaction media for the synthesis of nanostructured materials. The aqueous phase inside these reverse micelles acts as a micro-reactor for performing synthesis reactions, in which the size and shape of the products are controlled by the size of the individual micelle. [18] [19] [20] [21] In addition, the better size distributions of synthesized materials can also be achieved in this media.
Carbon paste electrodes (CPEs) are used greatly in electrochemical studies due to their advantages, such as easy preparation, modification with different compounds, renewability, low cost, wide potential window, and low-charging current. Modified CPEs can be prepared using various compounds, such as transition metals and the corresponding oxides, metal complexes and biological compounds. 22 The metal particle-modified CPEs represent both advantages of carbon paste electrodes and electrocatalytic reactivity of metals.
was received as a gift from Arasto Pharmaceutical Chemicals Inc., Tehran, Iran. The acyclovir tablets/topical creams were purchased from a local drugstore.
Apparatus
Electrochemical measurements were carried out in a conventional three-electrode cell containing a 100 mmol L -1 NaOH solution (which was employed as the supporting electrolyte throughout the work) powered by a Potentiostat/Galvanostat, an Autolab PGSTAT 302N (EcoChemie, Netherlands). Ag/AgCl/3 mol L -1 KCl and a platinum plate were used as the reference and counter electrodes, respectively. The system was operated by a PC through GPES software.
Scanning electron microscopy (SEM) was performed using a X-30 Philips Instrument. X-ray diffraction (XRD) patterns were measured using a Philips X'Pert, the Netherlands, through Cu Kα radiation at 40 kV and 30 mA.
Synthesis of nanoporous nickel microspheres
Nanoporous nickel microspheres were synthesized from a Triton X-100/cyclohexane/water reverse nanoemulsion system. 20 The processes of synthesis and sample manipulations were carried out in an inert atmosphere (nitrogen). Two nanoemulsion media were prepared, named I and II. Nanoemulsion I was composed of 2 mmol Triton X-100 + 25 mL cyclohexane + 1.0 mmol Ni(NO3)2·2H2O dissolved in 5 mL of water. Nanoemulsion II was composed of 2 mmol Triton X-100 + 25 mL cyclohexane + 3.0 mmol NaOH dissolved in 5 mL of water + 10 mL hydrazine hydrate. Two nanoemulsions were added together, and the obtained mixture was stirred for 2 h, while entering nitrogen gas into the mixture. A solid black product was precipitated after that time. The product was collected and washed with redistilled water and ethanol, respectively.
Preparation of the working electrodes
A bare carbon paste electrode (CPE) was prepared by hand-mixing carbon microparticles and mineral oil with an 80/20% (w/w) ratio. The paste was carefully mixed and homogenized in an agate mortar for 20 min. The resulting paste was kept at room temperature in a desiccator before use. The paste was packed firmly into a cavity (4.05 mm diameter, geometric surface are of 0.128 cm 2 and 0.5 mm depth) at the end of a Teflon tube. Electrical contact was established via a copper wire connected to the paste in the inner hole of the tube. The electrode surface was gently smoothed by rubbing on a piece of weighing paper just prior to use. This procedure was also used to regenerate the surface of CPE.
A nanoporous nickel microspheres-modified carbon paste electrode (MCPE) was prepared by hand-mixing carbon microparticles, mineral oil and nanoporous nickel microspheres with a 70/20/10% (w/w) ratio. The modified electrode was then transferred to a 100 mmol L -1 NaOH solution and treated by applying 25 consecutive cyclic potentials in a regime of cyclic voltammetry in a range of -100 to 700 mV at a potential sweep rate of 50 mV s -1 . This procedure leads to some structural changes and transformation of the nickel to the corresponding nickel oxide.
A nanoporous nickel microspheres-modified carbon paste electrode covered by Nafion (MCPE/Nf) was prepared by covering MCPE with 10 μL of a 2% (w/v) low aliphatic alcohols Nafion solution.
Procedures
Standard solutions of the drug were prepared by dissolving an accurate mass of the bulk drug in an appropriate volume of 100 mmol L -1 NaOH solution (which was also used as the supporting electrolyte). All of the solutions were kept in the dark at 4 C, and used within 24 h to avoid decomposition. Additional dilute solutions were prepared daily by accurate dilution just before use.
The calibration curve for the drug in a 100 mmol L -1 NaOH solution was measured with an amperometric technique. The working potential of 550 mV was used in amperometric measurements. All the studies/measurements were carried out at room temperature.
Acyclovir tablet and topical cream assay procedures
For analysis of the tablets, the average weight of ten tablets from each sample was determined; then, the tablets were finely powdered and homogenized in a mortar. Appropriate and accurately weighed amounts of the homogenized powder were transferred into 25 mL calibrated flasks containing 15 mL of a 100 mmol L -1 NaOH solution. The contents of the flasks were stirred for 24 h, and then the undissolved excipients were removed by filtration and diluted to volume with the same supporting electrolyte. Appropriate solutions were prepared by taking suitable aliquots of the clear filtrate, and diluting them with a 100 mmol L -1 NaOH solution. For analysis of the topical cream, a suitable amount of cream was transferred into a beaker, and then 10 mL of a 100 mmol L -1 NaOH solution was added. The contents of the beaker were stirred for 24 h, and then the undissolved excipients were removed by filtration. Appropriate solutions were prepared by taking suitable aliquots of the clear filtrate and diluting them with a 100 mmol L -1 NaOH solution.
Results and Discussion
Electron microscopy Figure 1 shows a SEM image of nanoporous nickel microspheres. Nickel microspheres with an average size of about 500 nm can be observed over the entire area, and the microspheres contain nanopores on the surface. Figure 2 shows an XRD pattern of the synthesized nanoporous nickel microspheres. The main diffraction peaks at about 45 , 52 and 76 are indexed to (1 1 1), (2 0 0) and (2 2 0) reflections, respectively. The diffraction peaks in the pattern can be indexed to a pure fcc crystal structure of nickel (Fm3m, JCPDS 87-0172). No other impurities can be detected from this pattern. This indicates that well-crystallized nickel nanowires can be easily obtained under the current synthetic condition.
XRD pattern

Study of the kinetics of charge transfer across the MCPE/solution interface
When a nanoporous nickel microspheres-modified carbon paste electrode was transferred to the supporting electrolyte and treated by applying a potential in a regime of consecutive cyclic voltammetry, electrochemical oxidation of nickel to Ni(II) species was performed:
This reaction is irreversible, and the nickel particles were transformed to the hydroxide one after several potential sweeps. Figure 3A shows cyclic voltammograms of MCPE in a 100 mmol L -1 NaOH solution recorded at a wide range of potential sweep rates, from 2 to 1250 mV s -1 . A pair of well-defined peaks with a mid-peak potential of 444 ± 11 mV appeared in the voltammograms, and the peak-to-peak potential separation (at the potential sweep rate of 10 mV s -1 ) was 145 mV. The voltammograms shown are similar to those previously reported, 10, [23] [24] [25] and the redox transition involved is attributed to the presence of the Ni(II)/Ni(III) species immobilized at the electrode surface via the following reaction: 10, [23] [24] [25] NiOOH + H2O + e - Ni(OH)2 + OH -
The peak-to-peak potential separation in the voltammograms deviated from the theoretical value of zero, and increased at higher potential sweep rates. This result indicates a limitation in the charge-transfer kinetics, which is due to: (a) chemical interactions between the electrolyte ions and the nickel species, (b) the dominance of electrostatic factors, (c) lateral interactions of the redox couples present on the surface, and/or (d) non-equivalent sites present in the nickel species.
Laviron derived general expressions for the linear potential sweep voltammetric response of surface-confined electro-reactive species at small concentrations. 26 The expressions for the peak-to-peak potential separation (ΔEp) >200/n mV, where n is the number of exchanged electrons, are as follows:
ln
where X = RT/(1 -αs)nF, Y = RT/αsnF, m = (RT/F)(ks/nν), Epa and Epc are the anodic and cathodic peak potentials, respectively. αs, ks and ν are the electron-transfer coefficient, apparent charge-transfer rate constant and potential sweep rate, respectively. From these expressions, αs can be determined by measuring the variation of the peak potential with respect to the potential sweep rate, and ks can be determined for electron transfer between the electrode and the surface-deposited layer by measuring the ΔEp values. Figure 3B shows a plot of (Ep -E 0 ′) with respect to the logarithm ν from the cyclic voltammograms represented in Fig. 3A for the anodic (curve a) and cathodic (curve b) peaks. It can be observed that for potential sweep rates of 300 to 750 mV s -1 , the values of (Ep -E 0 ′) linearly depend on the logarithm of the potential sweep rate, indicated by Laviron. Using the plot and Eqs. (2) to (4), the values of αs for the anodic and cathode peaks were obtained as 0.72 ± 0.03 and 0.28 ± 0.03, respectively. This discrepancy suggests that the rate-limiting steps for the reduction and oxidation processes might not be the same. 27 Moreover, the mean value of ks was obtained as 3.48 ± 0.06 s -1 . This is higher than those reported elsewhere in the literature 28, 29 for the redox process of nickel species generated from nickel bulk metal. This result indicates that the nanoporous structure represents a higher electron-transfer rate in the redox process of nickel species in an alkaline solution compared to the microstructures represented in Refs. 28 and 29. The voltammograms represented in Fig. 3A also show that the anodic and cathodic peak currents depend linearly on the potential sweep rate at low values of 2 to 100 mV s -1 (Figs. 3C and 3E ). This result is attributable to the electrochemical activity of an immobilized redox couple at the surface. From the slope of these lines, and using 30 Ip = (n 2 F 2 /4RT)νAΓ* (6) where Ip is the peak current, A the electrode surface area and Γ* the surface coverage of the redox species, Γ* can be obtained. Taking the average of both the cathodic and anodic currents, a total surface coverage of the electrode by the nickel species of about 4.55 ± 0.13 × 10 -9 mol cm -2 was derived. In the higher range of the potential sweep rates of 150 to 1250 mV s -1 (Figs. 3D and 3F ), this dependency is of the square-root form, signifying the dominance of the diffusion process as being the rate-limiting step in the total redox transition of the nanocomposite. This limiting-diffusion process, which has also been reported for some other Ni-based modified electrodes, 10, 23, 24, 28 may be due to charge neutralization during the oxidation/reduction process. Figure 4 shows cyclic voltammograms of CPE (A) and MCPE/Nf (B) in the supporting electrolyte in both the absence (curve a) and presence (curve b) of 300 μmol L -1 acyclovir at a potential sweep rate of 50 mV s -1 . Acyclovir represented a weak anodic signal on CPE in the swept potential range, while it was oxidized on MCPE/Nf. The voltammograms represent an enhancement in the anodic peak current (and the corresponding charge) and decrements in the cathodic peak current (and the corresponding charge). From the cyclic voltammograms represented in Fig. 4 , an electrocatalytic mechanism for the electrooxidation of acyclovir on the MCPE/Nf surface can be deduced in which the redox transition of the nickel species, Ni(II)  Ni(III) + e - (7) was followed by the oxidation of acyclovir via the following reaction:
Study of the electrocatalytic oxidation of acyclovir on the MCPE/ Nf surface
Regarding the product(s) of the electrocatalytic oxidation of acyclovir, one electroreactive functional group of the drug can be oxidized in multiple steps and/or the simultaneous oxidation of electroreactive functional groups of the drug may occur. Acyclovir bears two major groups of the guanine analog and the first-type alcohol. As a guanine derivative, acyclovir can be oxidized to the corresponding oxoguanine analog: 31, 32 (10) In addition, as a primary alcohol, acyclovir, can also be oxidized to the corresponding aldehyde and/or carboxylic acid on nickel-based electrodes: 33 (11) (12) Figure 5 shows cyclic voltammograms of MCPE/Nf in a range of potential sweep rates of 2 to 100 mV s -1 in the presence of 300 μmol L -1 acyclovir. Upon increasing the potential sweep rate, the anodic peak current increased, and depended linearly on the square root of the potential sweep rate (Fig. 5, inset A) . This linear dependency indicates the domination of a diffusion-controlling step for the electrooxidation process. Another point is that plotting the current function (peak current divided by the square root of the potential sweep rate) against the square root of the potential sweep rate revealed a negative slope (Fig. 5, inset B) . This further confirms the electrocatalytic nature of the process. The value of the electron-transfer coefficient for the reaction can be obtained from the following equation: 34 Ep = (RT/2αF)ln ν + constant (13) which is valid for a totally irreversible diffusion-controlled process. Using the dependency of the anodic peak potential on the natural logarithm of the potential sweep rate (Fig. 5, inset C) , the value of the electron-transfer coefficient was obtained as 0.44 ± 0.3. This indicates a near-symmetric barrier for the potential energy change during the electrooxidation process with a slight curvature to the reaction products. Figure 6 shows chronoamperograms recorded in the absence (curve a) and presence (curves b -d) of acyclovir using potential step of 600 mV. The transient currents decayed with time in a Cotrellian manner. This indicates that the electrocatalytic oxidation of acyclovir on MCPE/Nf was controlled by diffusion in the bulk of the solution. This was also confirmed by cyclic voltammetry (vide supra). By using the slope of the line represented in Fig. 6 , inset A, the diffusion coefficient of acyclovir can be obtained according to Cottrell equation:
where D is the diffusion coefficient, A the electrode surface area and C the bulk concentration. The mean value of the diffusion coefficient for acyclovir was found to be 4.66 ± 0.06 × 10 -6 cm 2 s -1 . Chronoamperometry can also be used to evaluate the catalytic rate constant according to the following equation:
where Icat and IL are the currents in the presence and absence of acyclovir, respectively, and γ = kcatCt is the argument of the error function, kcat is the catalytic rate constant and t is the elapsed time. In the cases where γ > 1.5, erf(γ 1/2 ) is almost equal to unity, the above equation can be reduced to
From the slope of the Icat/Id vs. t 1/2 plot, presented in Fig. 6 , inset B, the mean value of kcat for the electrooxidation of acyclovir was obtained as 3.50 ± 0.10 × 10 4 cm 3 mol -1 s -1
.
Determination of acyclovir
Typical amperometric signals obtained during successive increments of acyclovir to a 100 mmol L -1 NaOH solution using MCPE/Nf are depicted in Fig. 7 . Gentle stirring for a few seconds was needed to promote solution homogenization after each injection. The electrode response is quite rapid, and proportional to the acyclovir concentration. The corresponding calibration curve for the amperometric signals is shown in the inset of Fig. 7 . The limits of detection (LOD) and quantitation (LOQ) of the procedure were calculated according to the 3 SD/m and 10 SD/m criteria, respectively, where SD is the standard deviation of the intercept, and m is the slope of the calibration curves. 35 The determined parameters for calibration curves of the drug are reported in Table 1 .
The applicability of the proposed amperometric method for the sample dosage form was examined by analyzing acyclovir tablets and topical creams. It was found that the amounts of drug, determined through this method, are in good agreement with the reported values ( Table 2) .
In order to evaluate the accuracy of this method and to find out whether the excipients in pharmaceutical dosage form show any interference with the analysis, the proposed amperometric method was checked by recovery experiments using the standard addition method ( Table 2) . The results indicate the absence of interference from commonly encountered pharmaceutical excipients used in the selected formulations.
In order to verify the durability and long-term stability of the MCPE/Nf, 50 consecutive cyclic voltammograms using this electrode were recorded in the supporting electrolyte. It was found that the peak currents changed slightly (<3%). In addition, the electrode was stored in the supporting electrolyte when not in use, and retained its electroreactivity for 2 weeks.
In order to investigate the fouling resistance of MCPE/Nf, consecutive cyclic voltammograms using MCPE/Nf in a 300 μmol L -1 acyclovir solution were recorded. It was observed that the current as well as the potential of the peak related to the acyclovir electrooxidation changed slightly (<4%) after 50 cyclic scans.
The selectivity of the amperometric method for the assay of the drug was examined in the presence of some common interferences (glucose, L-tyrosine, ascorbic acid, L-serine, sucrose, dopamine and uric acid) and some common excipients usually used in pharmaceutical preparations (microcrystalline cellulose, colloidal silicon dioxide, titanium dioxide, talc, starch, magnesium stearate, liquid paraffin, white soft paraffin, cetostearyl alcohol and poloxyl 20 cetostearyl ether). The results showed that under the experimental conditions applied in this work, no significant interference was observed for these compounds due to insolubility in the electrolyte, or rejection of the diffusion of the negatively charged compounds by the Nafion membrane.
Conclusions
Nanoporous nickel microspheres were prepared with hydrazine hydrate as a reducing agent in a Triton X-100/cyclohexane/water nanoemulsion. The microspheres were successfully applied to modification of a carbon paste electrode. The modified electrode represented high catalytic activity toward electrooxidation of the drug acyclovir via a cyclic mediation electron-transfer process. The electrocatalytic activity of the microspheres was higher than that of the microstructured nickel species, due to the high surface area, ease of electrolyte penetration into the nanopores and/or the nanosize effect of the microspheres. An amperometric procedure was successfully developed for the quantification of acyclovir with high sensitivity in bulk and pharmaceutical formulations. The microspheres can have potential applications in other areas of electroanalysis and energy storage systems. 
